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Raman vibrational spectra of the selected basic (hydroxyl OH and deuteroxyl OD) transition-metal halides, geomet-
rically frustrated material series -, 3-, Y-Cu2(OH)3Cl, a-Cuz(OH)3Br, 3-Niz(OH)3Cl, 3-Co2(OH)3Cl, 3-Coz(OH)3Br,
¥-Cu2(0OD)3Cl, and B-Co2(0OD)3Cl are measured at room temperature and analysed to investigate the relationship be-

tween the microstructured OH environments and their respective Raman spectra. Among these selected samples, the

last two are used to determine the OH stretching vibration region (3600 cm~1-3300 cm~!) and OH bending vibra-

tion region (1000 cm™!-600 Cm’l) of OH systems in the spectra. Through the comparative analysis of the distances
d(metal-0O), d(O-halogen), and d(OH), the strong metal-O interaction and trimeric hydrogen bond (Cs,, Cs or Cy
symmetry) are found in every material, but both determine simultaneously an ultimate d(OH), and therefore an OH

stretching vibration frequency. According to the approximately linear relationship between the OH stretching vibration

frequency and d(OH), some unavailable d(OH) are guessed and some doubtful d(OH) are suggested to be corrected. In

addition, it is demonstrated in brief that the OH bending vibration frequency is also of importance to check the more

detailed crystal microstructure relating to the OH group.
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1. Introduction

The concept of the hydrogen bond (H-bond) is
a century old but remains youthful because of its
vital role in so many branches of science.l'~4 The
H-bonds in solid hydroxides are especially attractive
and are studied in the crossdisciplinary field that nec-
essarily involves chemists, material scientists, crys-
tallographers, and physicists.[’=4 Just about seven
years ago our group was the first, to the best of our
knowledge, to point out that seemingly simple in-
organic coordination complex series, basic (hydroxyl
OH and deuteroxyl OD) transition-metal halides
M5(OH)3 X (M=Mn, Fe, Co, Ni, Cu; X=Cl, Br, I),
possess the famous magnetic geometrical frustration
properties,'>=3% many of which are not well under-

(23,29]

stood till now. Therefore, more and more teams

have devoted effort to investigating them by more and
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more methods.1 =37 From the viewpoints of chemists
and spectroscoptists, H-bonds must exist in this ma-
terial series, which can be studied by the spectro-
scopic methods. To the best of our knowledge, the
infrared (IR) and Raman spectra of four isomers of
Cuz(OH)3Cl1 were only reported by the Frost group
from the mineralogical aspect.[?®=4% This situation
may result from the limitations of the sample prepa-
ration. Based on the study of spin-lattice coupling
in the magnetic community, the optical spectroscopy
of the magnetic geometrically frustrated materials is
required to help understand the exotic properties at
low transition temperatures by checking the lattice
and bonding changes.[*142 Because almost all lattice
and bonding changes can lead to a position shift of
the characteristic spectral bands or peaks, H-bonds
and the OH distances must apparently be affected if
the lattice and bonding changes are remarkable, and
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therefore the optical spectral data can give much very
useful information. Those of the H-bond related OH
systems are especially welcome because the funda-
mental mode frequencies of OH stretching vibration
v(OH) and bending vibration 5(OH) are more sensi-
tive to the position change of its adjacent ions than
other vibrational groups.

In this paper, Raman vibrational spectra of the
selected basic (hydroxyl OH and deuteroxyl OD)
transition-metal halides, geometrically frustrated ma-
terial series o-, B-, yY-Cuz(OH)3Cl, a-Cuz(OH)3Br,
B-Niy(OH)3Cl, B-Coz(OH)3Cl, B-Co2(OH)3Br, -
Cuz(0OD)3Cl, B-Coz(OD)3Cl, are reported at room
temperature and analysed to investigate the relation-
ship between the microstructured OH environments
and their respective Raman spectra. In addition to
the H-bond in these samples, we also focus on the joint
effect of adjacent metal ions on v(OH) and 6(OH).

2. Materials and methods

2.1. Sample preparation

Except for the B-Cuz(OH)3Cl (natural Atacamite
from Arizona, USA), all other samples were prepared
by hydrothermal reaction, and verified to be highly
single phase by crystal structure measurements, see
Refs. [15]-[29]. For example, the synthetic polycrys-
talline y-Cua(OH)3Cl was prepared by using a solu-
tion reaction from 100 g of Cu(HCOO)2-4H50 and
40 g of KCl in purified water at 95 °C. The polycrys-
talline precipitate was thoroughly washed and filtered.
The crystalline nature was further improved by a hy-
drothermal treatment at 200 °C for several hours.!*7]

2.2. Crystal structure measurement

The crystal structures of samples were deter-
mined using synchrotron X-ray diffraction at beam
line BL02B2, Spring-8 (Japan) and neutron pow-
der scattering measurements conducted at HERMES,
JAERI using a wave length of 1.8265 A (1 A=0.1 nm)
or 1.4143 A.17-30)

2.3. Micro-Raman spectroscopy

Raman spectra were obtained using an HRS800
HORIBA Jobin Yvon laser micro-Raman microscopy
equipped with 10x, 50x and 100x objectives. Raman
spectra were excited by a spectra-physics model 127

Art laser (488.0 nm) at a resolution of 0.5 cm™! be-
tween 95 cm ™! and 4000 cm~!. Repeated acquisitions
using the highest magnification were accumulated to
improve the signal-to-noise ratio in the spectra. Be-
cause the samples will be broken down to other chemi-
cals at an intensive laser power density, 100x objective
are used at laser powers of 5 mW-30 mW to obtain
Raman signals strong enough. All Raman shift spec-
tra are automatically baseline corrected, smoothed
and normalized according to the largest counting peak
value.

3. Results and discussion

3.1. Microstructure of the hydroxyl sys-
tem

Both the synchrotron X-ray diffraction and neu-
tron powder scattering measurements gave consistent
results about their crystal structures and crystal pa-
rameters except the protons’ positions. The space
group numbers are as follows: o-Cuz(OH)3Cl and «-
Cuy(OH)3Br belong to No. 11 (C3%,), p-Cuz(OH);Cl
(natural Atacamite) and B-Niz(OH)3Cl belong to
No. 62 (D1%), y-Cua(OH)3Cl, and y-Cuz(OD)3Cl be-
long to No. 14 (C3,), p-Co2(OH)3Cl, B-Cos(OH)3Br,
and B-Coz(OD)3Cl belong to No. 166 (D3,), the pri-
mary cell parameters can be seen in related Refs. [15]-
[29].

Figure 1 shows the typical microstructure of a
single hydroxyl/deuteroxyl system M3 =OH/D--- X
with O bridging three metal ions M and H/D bound
to a halogen ion by a possible H-bond. From Fig. 1,
one can see that the environmental structure of a
single hydroxyl system includes two parts, i.e., pos-
itive metal ions M (Cu and Co) adjacent to O ion
on the O side and negative halogen (Cl and Br) on
the HT (proton) side, which may possibly be the pro-
ton accepter if the H-bond is formed. In order to
evaluate the interaction between M and O only from
the measured structure parameters, one can simply
check the M—O distances d(MO) and compare them
with a reference value d°(MO)=R(M?**)+R(0?7),
where R(M?**) and R(O?7) are the common mean
ion radius data. If d(MO)> d°(MO), the interac-
tion may belong to the weak ionic van der Waals
type and cause a small effect on the internal OH
interaction. When d(MO)< d°(MO), the covalent
bond begins to form, and the interaction may be-
long to the strong covalent type, which can appar-
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ently affect the internal OH interaction. The smaller
d(MO) is, the weaker the internal OH interaction
and the longer d(OH) becomes. This can be under-
stood by the repulsive force along the O—H direction
of M?* ion to H*, or the decrease of O ionic neg-
ativity. Here, R(Cu®*)=0.73 A, R(Co®*)=0.745 A
for high spin Co?* (in most of our samples) and
R(0%7)=1.40 A;*3] therefore, d°(Cu0)=2.13 A and
d°(Co0)=2.145 A. One can see that the difference be-
tween d°(CuO) and d°(CoO) is smaller than 1%.

M3;=0H
A M;=OH
: P

trimeric §H-bond-'.

M

M = Co, Ni, Cu

Fig. 1. Typical microstructure of a single M3 =OH--- X
system with O bridging three metal ions M, H bound to
a halogen ion, each M coordinated by other five ligands
Ls, and each X bonded probably by the so-called trimeric
H-bond.

As to the interaction between M and X,
d°(CuCl) = 2.54 A, d°(CuBr) = 2.69 A, d°(CoCl) =
2.555 A, and d°(CoBr) = 2.705 A because R(Cl™)=
1.81 A, R(Br~) = 1.96 A, and one can see each X-ion
bridges three adjacent M ions besides also bridging
three OH groups through the rarely reported possible
trimetric H-bond (OH)jz - - - X .[44=47]

Because there may be three different d(AO) for
the same bridging O ion, one can estimate reason-
ably the mean distance according to Coulomb law to
be D(MO)=[3(d; *+ dy*+d5*)~1]"/2. Surely for each
M ion, the effective charge is smaller than +2 because
of the M Og, MO5X or MO4X5 hexacoordinate struc-
ture, and for an M—OH unit, that of the OH group is
larger than —1 because of the O bridging structure.

Similarly, a typical H-bond may be formed if
the d(OX) is close to the H-bond formation dis-
tance d°(0X)=R(0%*)+R(X ™) on the H* side and
the angle #(O-H-X) is larger than 120°; therefore,
d°(0Cl)= 3.21 A and d°(OBr)=3.36 A.l'~4 Here,
the H-bond formation distance can also be described
by the d(H---X), but the X-ray diffraction experi-
ments cannot give an exact d(H---X) and the neu-
tron powder-diffraction experiments should use the
deuterized sample to measure the d(D--- X)) to be the
d(H---X). The smaller d(OX) is, the stronger the
H-bond and the larger d(OH) becomes. This can be

understood by the attractive force along the O-H di-
rection of the negative X ion to H* and therefore the
decreasing O—H force constant.

In fact, according to the different symme-
try caused by different d(O-X) of the pyramid
(OH)3 - - - X units, there exist three kinds of trimeric
H-bond in the My(OH)3X series: perfect Cs, one
(in B-Co2(OH)3Cl/Br), C; one (in a-Cug(OH)3Br, -
Cuz(OH)3Cl/Br, and p-Niz(OH)3Cl), and asymmet-
ric Cy one (in y-Cug(OH)3Cl).

Now one is aware that the d(OH) is eventually
determined by the synergetic effect of M3 =0 and
possible H-bond H---X. Therefore, one can guess
that one Raman peak in the functional group (FG)
region may be assigned to one v(OH) corresponding
to only one d(OH), and the number of v(OH) is de-
termined by the number of d(OH) and has no rele-
vance to the number of d(MO) and d(H- - - X), because
the OH stretching vibration frequency (Raman shift)
w~ (OH) depends on the integrated effect of the whole
OH-connecting environment while the number of the
OH bending vibration 5(OH), its frequency (Raman
shift) is denoted by ws(OH) in the correlation peak
(CP) region is not. Therefore, the FG/CP region is
just the v(OH)/8(OH) region in this paper.

3.2. Determination of hydroxyl vibra-
tion regions

The above-mentioned FG and CP regions are gen-
erally connected together, although sometimes there
are some other vibration modes between them. In
order to determine these two regions, besides the em-
pirical estimation, one had better perform the deu-
terized isotope shift experiments to obtain simultane-
ously the Raman spectra in FG and CP regions of the
OH/D vibration. Figures 2 and 3 show OH/D related
parts of the four Raman spectra of y-Cuy(OH)3Cl, y-
Cuz(0OD)3Cl, 3-Co2(OH)3Cl, and -Coo(OD)3Cl, re-
spectively.

According to the general spectrum analysis
method, 849 from Fig. 2(a), one can safely as-
sign the Raman peaks (3442/3356/3311) cm~! and
(2553/2493/2469) cm~! to v(OH) and v(OD) for y-
Cuz(OH)3Cl and y-Cuz(OD)3Cl respectively, and the
redshift rates are 74.2%/74.3%/74.6%, which are all
close to the estimated rate

VI16/(1 +16)]/[16 x 2/(2 + 16)] ~ 72.8%

and correspond to three different d(OH/D) in both

samples. From Fig. 2(b), (3559/3546) cm~! and
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(2629/2620) cm™! are assigned to v(OH) and v(OD)
and their Davydov splittings for 3-Coz(OH)3Cl and
B-Co2(OD)3Cl respectively, which correspond to one
distance d(OH/D) because the neutron diffraction ex-
periments found only one kind of Cog =OH/D---Cl
with the d(OH) accuracy of 0.003 A. Surely they can
also be suggested to be two sets of Co3 =OH/D---Cl

! and may

because the splittings are about 10 cm™
correspond to a 0.001-A distance difference accord-
ing to the famous relation Aw, (OH)=5000 cm~!/A~
12000 cm’l/A,[n] but this needs more precise neutron

diffraction experiments.
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= 8or B s
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Q et i ]
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Fig. 2. Raman spectra in the FG region of (a) -
Cuz2(OH/D)3Cl, and (b) B-Co2(OH/D)3Cl, respectively.

Similarly, from Fig. 3(a), one can safely as-
sign the Raman peaks (970/927/892/800) cm~! and
(726/687/664/587) cm~! to 8(OH) and &(OD) for
v-Cuz(OH)5Cl and y-Cua(OD)3Cl respectively, and
the redshift rates are shown in the figures. Every
set of four-peak modes corresponds to nine differ-
ent CuOH---Cl units with the appearance of acci-
dent degenerate modes. While figure 3(b) suggests
one to safely assign the Raman peaks (828/654) cm ™!
and (622/478) cm™! to 8(OH) and §(OD) for B-
Coz(OH)3Cl and (-Coz(OD)3Cl respectively, which
correspond to two different CoOH- - - Cl units.

By the way, the peak 3555 cm ™! of 3-Coz(OD)3Cl
in Fig. 2(b) and wide 908 cm™! of B-Coz(OD)3Cl in
Fig. 3(b) may be caused by the small amount of {3-
Co2(OH)3Cl impurity. As to the other peaks in Fig. 3,

they are some of the M—O stretching modes not dis-
cussed in this paper.

Then, one can confirm that the v(OH) and §(OH)
regions of our materials are distributed in the ranges
of 4000 cm~'-3000 cm~! and 1000 cm™!-600 cm ™!,
which is very consistent with most of the known ex-

perimental facts.[48:49]

100 F 7 50 (OH)5Cl - ---y-Ciig (OD)3CL 3 [
_ 2

[=>}

60

Raman intensity/arb. units

1100 900 700 500
Raman shift /cm~1

.~ B-Coz(OH)3Cl
- - B-Co2(OD)3Br

100F '

60

40

20

Raman intensity/arb. units

100 0 800 600

Raman shift /cm—1

Fig. 3. Raman spectra in the CP region of (a) y-
Cu2(OH/D)3Cl, and (b) -Co2(OH/D)3Cl, respectively.

3.3. Microstructure and Raman w, (OH)

After finding out the v(OH) and §(OH) regions,
one can continue to check the related Raman data
w~(OH)/ws(OH) and the respective crystal structure
parameters of those selected samples. Figures 4-6
show the Raman spectra in the FG and CP regions
of a-Cuz(OH)3Cl and «-Cuyz(OH)3Br, natural (-

100 _laCmomser, ]

—'—oc—Cug(OH)gBrﬁ 1
I

‘ 4
{ i
g

i ]

i i

H

T
~
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=+
2]

Q0
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o
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[\~
(=)
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Raman intensity/arb. units

OF—=" . . . L
3700 3500 3300 1000 800 600
Raman shift /cm~1!

Fig. 4. Raman spectra in the FG and CP regions of «-
Cuz(OH)3Cl and «-Cuz(OH)3Br, respectively.
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Cuz(OH)3Cl1 and B-Nip(OH)3Cl, and B-Cos(OH)3Cl
and B-Coqz(OH)3Br, respectively (the Raman spectra
of y-Cuz(OH)3Cl are shown in Figs. 2(a) and 3(a),
and those of 3-Cos(OH)3Cl are again shown in Fig. 6
to facilitate the comparison with 3-Coy(OH)3Br ).

100 F= T T T f T T T —
2 18 F|--B-Cus(OH)sCl 2 ]
£ | e ;
5 sof ! B-Nia(OD):Cl ) o b
. ' WO
o L 4 2 ]
a ! ol 4Bl
5 60r e 2 5 T
+ fR] o I ©
.g - ::O’J o " ‘1 ;! n |
i oy
£ dor hE %“H%;;‘ ]
CHo e
g 201 ;'; = L iu'
Lo Vi
2L UL A
3600 3100 100 900 700

Raman shift/cm~!

Fig. 5. Raman spectra in FG and CP regions of f3-

100 F

3559

801

60

40+

20F

Raman intensity/arb. units

700
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Raman shift/cm—!

0
3600

Fig. 6. Raman spectra in FG and CP regions of f3-
Co2(0OH)3Cl and B-Coz(OH)3Br.

The related refined crystal structure parame-
ters, i.e., all the crystallographic distinct distances
d(M3 =0)/d(0X)/d(OH), and Raman shift data be-
longing to the v(OH) and 6(OH), are collected in Ta-

Cuz2(OH)3Cl and B-Niz(OH)3Cl, respectively.

ble 1.

Table 1. Related crystal parameters and Raman shift data in units of A and cm™!, respectively.
Sample d(Ms =0) D(MO) d(OH) d(OX) w~(OH) ws(OH)
d(Cus —Ol) 2.364, 1.936, 1.936 2.052 0.972 3.315 3507
o-Cuz(OH)3Cl d(Cus =0%3) 2.013, 1.974, 2.009  1.999 0.979 3203 3424 894, 855, 789, 673
d(Cuz =01) 2.345, 1.921, 1.921 2.039 0.971 3.525 3516
a-Cuz (OH)3Br d(Cus =023)  2.014, 1.986, 2.038  2.012 0.980  3.310 3418 880, 834, 781, 660
d(Coz =0) 2.079, 2.079, 2.106 2.088 0.966 3.178 3559
B-Coz(OH)3Cl 3546°) 828, 652
d(Coz =0) 2.084, 2.084, 2.137 2.101 0.969 3.227 3540
B-Co2(OH)3Br 3528°) 822, 652
d(Cuz =0%2) 1.983,2.018,2.032  2.011  (0.987)®)  3.041 3350
Natural 33309) 975, 912,845,
B-Cuz(OH)3Cl d(Cuz =0%)  1.940, 1.940, 2.412  2.065  (0.978)®  3.059 3434 820, 592°
d(Nizg =012)  2.062, 2.038, 2.054 2.051 0.9522) 3.186 3587
B-Niz (OH)3Cl d(Niz =03) 2.081, 2.081, 2.090 2.084 0.997) 3.134 3575°) 822, 795, 758, 692, 673
(0.963)P)
d(Cuz =01) 2.078, 1.947, 1.991 2.003 1.0322) 3.079 3311
(0.991)®)
y-Cua(OH)zC1  d(Cuz =0%)  1.896,2.382,1.960  2.049  1.043%)  3.080 3356 970 927, 892, 800, 575°)
(0.987)P)
d(Cuz =03)  2.021, 1.984, 2.047  2.168 0.8718)  2.994 3442
0.977)P)

a)Value may be doubtful and incorrect.

b)Value in parentheses is strongly suggested to be confirmed.
©)Value may be caused by the Davydov splitting effect or by a d(OH) difference of less than 0.002 A.
) Value may be caused by an impurity by a d(OH) difference of less than 0.002 A

©) Value may not be the 5(OH) peak although a large d(Cu0)=2.412 A or 2.382 A exists in its corresponding material.

From Table 1, one can see that the distinct d(OH)

number is at most three in y-Cug(OH)3Cl because of

the Jahn—Teller effect, and the d(OH) of natural (3-

Cuz(OH)3Cl (Atacamite) is now unavailable because
these data should be obtained by its deuterized syn-

thetic sample using the neutron powder diffraction
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measurement method. Among the w(OH) values
[(3546/3528/3575) cm™1], several are assigned to the
small Davydov splittings according to the respective
available crystal structures,®°! and one (3330 cm™!
of 3-Cuz(OH)3Cl) may come from the impurity in the
natural sample. Except for the four values, all of the
w~(OH) values are definitely assigned to respective
crystallographic distinct OH group according to the
normal concept that the higher v(OH) value surely
corresponds to the shorter d(OH) regardless of the
other part of the hydroxyl system.

3650 ——
3600} (@) ]
3550F * ]
3500} * ]
3450} .
3400} ]
3350 * ]
3300F * ]
198 2.02 206 210 214 2.8
D(MO)/A

wvy(OH)/cm™!

3650 ;

se00} .
35501 ¥ s
3500
3450} N
3400F
33501 .
3300f
29 3.0 3.1

wy(OH)/ecm ™!

32 33 34 35 36
d(OX)/A

Fig. 7. wv(OH) versus (a) D(MO) and (b) d(OX).

From the detailed d(Ms =0) and d(OX) data,
one can see that most of the MO bonds are strongly
covalent for d(CuO) < 2.13 A or d(CoO) < 2.145 A
and at least one typical H-bond appears in each sam-
ple for d(OCl) < 3.21 A or d(OBr) < 3.36 A. There-
fore, both the M—-O bond and the H-bond have ex-
erted an influence on the respective OH group and
a distance d(OH) ultimately comes into being to
correspond to its w,(OH) value. So the reason-
ably estimated mean distances D(MO) according to
D(MO)=[3(d; *+d5*+d5?)~']*/? are calculated and
listed in Table 1 too. Figures 7(a) and 7(b) show
w~ (OH) versus D(MO) and d(OX) at room temper-
ature, respectively, although it is not strictly reason-
able to collect all the data into the same Fig. 7(a) or
Fig. 7(b) regardless of the difference between Cu?T

and Co?T or C1~ and Br~. From Figs. 7(a) and 7(b),
one cannot find out any simple correlation between
the v(OH) and D(MO) or d(OX), although it still
holds that the shorter D(MO) or d(OX) corresponds
to a smaller w, (OH) value when the other conditions
do not change.

Like many researchers have done, after w-(OH)
versus d(OH) are plotted in Fig. 8, some valuable re-
sults can be extracted. Limited by the conditions of
the deuterized sample preparation, neutron diffraction
measurement and its data analysing experience, the
d(OH) values labeled by triangles are doubtful from
the beginning. If one accepts that the other exper-
imental data labeled by squares in Fig. 8 are rea-
sonable, an approximately linear relationship between
wvy (OH) and d(OH) with the change rate Aw, (OH)=—
7.26 cm~1/0.001 A is found in the 270 cm ™ difference
range of our selected samples, which is consistent with
the famous relationship Aw, (OH)=-5000 cm~'/A~
12000 cm~!/A concluded by Novak. /!

Till now, one can settle up the following questions:

1) One can guess that there are two distinct
d(OH) from the crystal parameters and two different
w(OH), i.e., they may be about 0.978 A and 0.987 A
respectively, as presented by the black balls in Fig. 8.

3600 Ty T
kY e guessed
3550+ P 4 suggested -
0 / . * doubtful
g 3500F % Awy = —7.26 cm™" /0.0014 1
o ,
~ Vfree(OH Y
o 3450 e R
g (3555.6 vs 0.9643)"%, *
~ 34001 Y 1
3
3350+ Ao *
mol_o
095 097 099 1.01 1.03 1.05

d(OH)/A

Fig. 8. w+v(OH) versus d(O-H). Among the data sym-
bols, squares are the reasonable experimental data except
those of a free v(OH) mode labeled by Viee(OH), stars
are the d(OH)-doubtful experimental data, triangles are
suggested data to correct the respective star d(OH), and
balls are the guessed data whose wavenumber values are
from Raman experiments but d(OH) values are unavail-
able now.

2) Unlike natural -Cuz(OH)3Cl with the same

space group of (-Niy(OH)3Cl, the latter’s v(OH)

1

has only one value 3587 cm™", and therefore it

has at most two approximately equal d(OH) val-
ues even the 3575 cm™! peak is thought to be
caused by another different d(OH) value.  This

can be easily understood by the fact that a short
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D(Ni0)=2.051 A with a long d(OX)=3.186 A and
a relatively long D(NiO)=2.084 A with a relatively
short d(0X)=3.134 A can reasonably give rise to two
approximately equal d(OH) values. Therefore, one can
correct the two doubtful d(OH)=0.952 A and 0.997 A
to be 0.963 A, which needs to be conformed by the fu-
ture refining experiment, as presented by the triangles
at the top of Fig. 8.

3) Similar to 2), one can modify the other
three doubtful d(OH)=(1.032/1.043/0.871) A of -
Cuy(OH)3Cl to be (0.977/0.987/0.991) A, which are
consistent with the exact values (0.962/0.974/0.976) A
given by Wills and Henry using the y-Cuy(OD)3Cl at
2 K132

4) When the well-believed true free OH stretch-
ing fundamental frequency wee.(OH) is selected to be
3555.6 cm~! and the bond length d(OH)=0.9643 A is
plotted into Fig. 8,['!] the data point is almost on the
fitting line. This firmly verifies the universality of the
monotonous change with an approximate linearity.

From the final data group one can estimate that
the stretching force constant k(OH) is situated in the
range of 6.5 mdyn/A-7.6 mdyn/A (1 mdyn=10"% N)
for these selected samples.

3.4. Microstructure and Raman w;s(OH)

As to the ws(OH) data in the CP region, it
is also important to check the more detailed crys-
tal microstructure related to the OH group, because
each ws(OH) theoretically corresponds to a special
MOH--- X with special d(MO), d(OH), d(H---X)
and the relative space directions (angles). However,
from Raman ws(OH) data, one can find that the dis-
tinguishable peak number is always less than the num-
ber of MOH. .. X units because the accidental degen-
eracy usually occurs to result in the additional com-
plexity and difficulty on the exact assignation to a
special unit, just like the situation in the fingerprint
region. The following points manifest the worthiness
of studying the OH related crystal microstructure con-
formation:

(i) The distinguishable peaks must mean appar-
ently distinct MOH- - - X units.

(ii) Corresponding to the large w-(OH) value
mode with a small interaction between the OH and
the adjacent parts, the respective 6(OH) values are
usually small, typically like Figs. 4 and 5. This can
help to evaluate the interaction strength between the
OH and the adjacent parts.

(iii) One can estimate the ratio of ws(OH) to
w~(OH) to be about one-fifth to one quarter, and eas-
ily find out the range of ws(OH) to justify the OH
group and its environment, just as the name of the cor-
relating peak region implies, and subsequently make
the peak assignation of the adjacent fingerprint region
easier.

4. Conclusion

In conclusion, Raman spectra of 9 kinds of se-
lected basic transition metal halides are measured at
room temperature and analysed to investigate their re-
lationship with the microstructured OH environments.
Among these selected samples, two deuterized samples
are used to determine the v(OH) region (3600 cm ™1
3300 cm~!) and §(OH) region (1000 cm~!-600 cm 1)
of OH systems in the spectra. Through compara-
tive investigation on the distances d(MO), d(0OX),
and d(OH), the strong M—O interaction and H-bonds
are found in each material, but determine simulta-
neously an ultimate d(OH) and a w(OH). Accord-
ing to the approximately linear relationship between
the wy(OH) and d(OH), to the best of our knowl-
edge, unavailable d(OH) of natural Atacamite (-
Cup(OH)3Cl) are guessed and the doubtful d(OH) of
v-Cuz(OH)5Cl and B-Nig(OH)3Cl are suggested to be
correct. In addition, Raman ws(OH) also manifest
their worthiness in research on the OH related crystal
microstructure conformation.

In consideration of the complexity of microstruc-
tured hydroxyl systems in three-dimensional crys-
talline solids, each hydroxyl system in a special sam-
ple needs further theoretical and experimental studies
and optical spectra of other unselected samples of this
series should be measured at room temperature and
even lower temperatures. Then the above-mentioned
states may be greatly improved.
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